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.........

Looking to the future, we are beginning a Fusion Simulation Project to build a 
computer model that will fully simulate a burning plasma to both predict and 
interpret ITER performance and, eventually, assist in the design of a commercially 
feasible fusion power reactor. Our best estimate, however is that success in this e ort 
will require at least 50 teraFLOPS of sustained computing power. 

.........



Center for Gyrokinetic Particle Simulation 
of Turbulent Transport in Burning Plasmas

SciDAC  Advanced Simulation of Fusion Plasmas
W. W. Lee, S. Ethier, T. S. Hahm, J. L. V. Lewandowski, G. Rewoldt,W. X. Wang, 

Princeton Plasma Physics Laboratory, Princeton, NJ
S. E. Parker, Y. Chen, University of Colorado, Boulder, CO

Z. Lin, L. Chen, Y. Nishimura, University of California, Irvine, CA
     V. K. Decyk, University of California, Los Angeles, CA

      Scienti c Application Partnership Program
        D. E. Keyes, M. Adams, Columbia University, New York, NY

K. L. Ma, University of California, Davis, CA
M. Beck, Uniersity of Tennessee, Knoxville, TN 

S. Klasky, Princeton Plasma Physics Laboratory, Princeton, NJ 



AMR Project for 
Multiscale Gyrokinetic Particle Simulation  

of Magnetized Plasmas

W. W. Lee, S. Ethier, H. Qin and E. Startsev 
Princeton Plasma Physics Laboratroy, Princeton, NJ

and
M. Adams

Columbia University, New York, NY





Number of particles (in million) that move 1 step in 1 second
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Earth Simulator

CRAY X1

Thunder

Seaborg

Blue Gene/L

GTC performance on MPP platforms  S. Ethier 

• Gyrokinetic particle codes are portable, scalable and e cient on 
both cache based and vector parallel  MPP platforms 



GTC performance

IBM SP 3 
(Seaborg)

Itanium 2 + 
Quadrics

Opteron + 
Infiniband

CRAY X1 ES
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# of 
proc.

#part 
(Bil-
lion) Gflop Gflop Gflop Gflop Gflop

64 0.207 9.0 25.0 37.8 82.6 102.4

128 0.414 17.9 49.9 75.5 156.2 199.7

256 0.828 35.8 97.3 145.9 299.5 396.8

512 1.657 71.7 194.6 261.1 783.4

1024 3.314 143.4 378.9 1,925

2048 6.627 266.2 757.8 3,727

3.7 Teraflops achieved on the Earth Simulator with 2,048 processors
using 6.6 billion particles!!



• Vlasov  Poisson System
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• Particle Codes: need only spatial grid 
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• Vlasov Codes: need spatial grid and velocity grid
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Numerical Schemes



Noise R Us 

• One man’s noise is another man’s signal [Birdsall & Langdon].

• Without noise, there would be no particle simulation.

• Without proper treatment of noise, there would still be no particle 
simulation.



Modi ed Dynamics for Particle Pushing

• Finite size particles 
  Dawson et al. 68; Birdsall et al. 68
    Coulomb interactions are collisionless 
    Collisional e ects are subgrid phenomena

• Gyrokinetic particles 
  Lee PF 83  
   Gyromotion becomes motion of 
     rotating charged rings
   Polarization E ects in the eld equation

• E cient numerical methods to account for nite Larmor radius e ects               
Lee JCP 87; Lee and Qin PP 03
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Gyrokinetic Vlasov Maxwell Equations in Toroidal Geometry

∂Fαgc
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• GK Vlasov equation  in gyrocenter coordinates 
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Ā

)

(R) = 〈

∫ (
φ

A

)

(x)δ(x − R − ρ)dx〉ϕ,

T. S. Hahm et al.  PF 88; T. S. Hahm PF 88; Brizard PF 88; Brizard J. Plas. Phys. 89



• GK Poisson s equation  in laboratory coordinates Lee JCP 87

• GK Ampere s law  in laboratory coordinates Qin et al. PP 99

GK Equations in Toroidal Geometry cont.
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Simple Linear Dispersion Relations

ε ≡ 1 + [1 + ξeZ(ξe) + τ + τξiZ(ξi)]/(kλDe)
2 = 0

ξα ≡ ω/
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• cold ion and cold electron limit

• cold ion and warm electron limit
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Fluctuation Dissipation Theorem and Particle Simulation

L|E(k, ω)|2/8π = −(T/ω)Im(1/ε)

L|E(k)|2/8π =

∫
(dω/2π)L|E(k, ω)|2/8π = (T/2)[1/ε(k, ω = ∞) − 1/ε(k, ω = 0)].

L|E(k)|2/8π = (T/2)/(1 + k2λ2D)

L|E(k, ω)|2/8π = Tπδ(ωRe ε)
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∑
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.

• Fluctuations per k mode

• Fluctuations residing in normal modes for  

|eΦ(k,wpe)/Te|th =
1

√
NkλDe ,

|eΦ(k,ws)/Te|th =
1

√
N

k2λ2
D � 1



Fluctuation Dissipation Theorem and Particle Simulation

• Plasma Waves and Finite Size Particles Langdon and Birdsall, PF 13, 2115 1970

• Gyrokinetic Particle Simulation Krommes et al., PF 86; Lee, JCP 87

• Shear Alfven Waves in Gyrokinetic Plasmas Lee et al., PP 01

• Compressional Alfven Waves in Gyrokinetic Plasmas 
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Why do we want to get rid of the Particle Noise?

• Suppression of linear growths due to Resonant Broadening Lee, JCP 87 :

γL > ∆ω ≈ k2D

D ≈ (∆x)
2
/∆t

• Particle noise in the simulation of unstable modes Kadomtsev, Plasma Turbulence, 65  

 random walk due to particle noise

 noise level remains the same in the nonlinear steady state 



17Perturbative Particle Simulation

•   f  simulation schemes: 

 Dimits and Lee, JCP 93; Parker and Lee, PF 93; Hu and Krommes, PoP  94

δ

•   Split weight schemes: Manuilskiy and Lee, PoP 00; Lee et al., PoP 01

F = F0 + δf
dδf

dt
= −

dF0

dt
Let

w ≡
δf

F
δf =

N∑

j=1

wjδ(R − Rj)δ(µ − µj)δ(v‖ − v‖j)Let

Noise reduction: |E|2 ∝ w
2

 Aydemir, PoP 94

F = F0 + δf w ≡
δn

n

F = F0 + ψF0 + δh ψ = φ +
1

c

∫ ∂A‖

∂t dx‖0

•   Time step is determined by zeroth order transit time of the electrons 
along the eld line.

•  CFL conditions can be violated with impunity. 



• Perturbative Scheme: F = F0 + δf
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quasineutral simulation



ωH =
√

mi/me(k‖/k⊥)Ωi ≈ 0.43Ωi

Thermal Noise in Particle Simulation of Drift Waves in 1D - Parker & Lee, PFB ‘93

Nparticle = 987
Ngrid = 16

eφ/Te)noise ≈ wrms/(
√

Npk⊥ρs) ≈ 0.3%



Thermal Noise in Particle Simulation of Drift Waves in 1D (cont.) - Parker & Lee, PFB ‘93

Nparticle = 46368
Ngrid = 64
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x

Velocity Space Resolution: Particle vs. Vlasov Codes

• More accurate for Particle Codes: NxNpNn=(4)(5)(2)

• Less accurate for Continuum Codes: NxNv=(4)(5) 

F(v)

F(v)

Nv = 20

Nv = 5

• Arti cial dissipation in Vlasov Codes due to coarse grid in long time simulations



Entropy



Conclusions

• Particle codes are very suitable for both cache-based 
and vector-parallel MPP platforms.

• Noise problems can be mitigated through quasineutral 
and/or perturbative schemes (or just use more particles).

• We have not yet encountered noise problem in steady 
state gyrokinetic particle simulations.

• If noise becomes an issue in long time simulation, we 
can always use a reset scheme of particle weights on a 
phase space grid at every m step, where m >> 1. It is still 
more efficient than the Vlasov code simulation.

• There is no free lunch in the Vlasov-Maxwell 
simulation. Every technique has good and bad aspects. 
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